Abstract: This paper present a modeling and simulation of piezoelectric microgenerator applied in the automobile. The overall system (piezoelectric transducer and energy harvesting circuit) is designed with Simscape tool of Matlab/Simulink software, which allows a multiphysics modeling. The software drives the electromechanical behavior of the transducer which, overcomes the establishment of an equivalent circuit model. The micro-generator sizing is based on real vibration data detected in the automobile. The piezo stack component is used to evaluate the output performances of the piezoelectric transducer. Simulated results are validated experimentally by using the QuickPack actuators parameters. The maximum power delivered by the transducer is then used to evaluate the performance of a sensor node in a star topology network. The results show that the sensor node can sense and transmit data with a maximum size of 451 bits when measurements must be taken every 15 minutes. The model is then used to assess the contribution of the nonlinear treatment of the piezoelectric voltage called Synchronized Switch Harvesting on Inductor (SSHI). Specifically, an improvement of the recovered power of 18.9% is achieved by applying the SSHI technique; allowing an improvement in the size of the data by 13.3%. The proposed simulation technique can be used for the design of such micro-generators.
Introduction
In the recent years, green and smart city concepts concern both industrialized countries and developing countries. The first concept is limited by two main problems which are the exhaustion of natural reserves and environmental impacts such as CO 2 emissions. The main alternative considered so far is the development of renewable energy, free and available from infinitely, research field known as energy harvesting. Specifically, energy harvesting gathers freely available energy from the environment, such as vibrations [1] , light [2] , radio waves [3] , human activities [4] , heat [5] or the wind [6] , to power low-voltage and low-power-consumption electrical systems. The choice of primary energy source depends on the environment in which it is located. The block diagram of an Energy Harvesting System (EHS) has three main parts shown in Fig. 1 .
• The transducer is the most important part of the chain. It is used to convert primary energy into AC electrical energy.
• Energy Harvesting Circuit (EHC) allows formatting the recovered energy. Its most essential function is the AC/DC conversion.
• The storage element that can be a battery, a capacitor or a super capacitor is used to store the recovered energy. As shown in Fig. 1 , the design of an EHS requires taking into account the multi-physical behavior of the transducer. To size the EHC, most designers establish electric models of the transducer [7, 8] , for simulation of the overall behavior of the EHS. However, most of the proposed models are based on simplifying assumptions. These assumptions introduce some differences between experimental and simulated results. In this work, we use the Simscape tool of Matlab software to simulate the EHS without establishing an electric model. The case of vibrations in an automobile is considered since automobiles may include sensors for obtaining information regarding various physical parameters [9] . Typically, these sensors are powered by chemical batteries, which must either be replaced or recharged when they become exhausted. This maintenance related to the change of the battery can be costly in the case of sensors located in inaccessible locations such as the tire pressure monitoring sensors. Therefore, powering these distributed sensors from vibrational's energy becomes attractive. In previous work [1, 9] , the designers are limited to the minimal performances of EHS when applied to the automobile. In this work, the simulation technique is used to quantify optimizations improvement proposed for such EHS.
Since the design of vibration energy harvesters is highly dependent upon the characteristics of the environmental vibrations present in the intended application [10] , the spectrum of vibrations in an automobile is first studied in section 2. In section 3, the choice of the geometry of the transducer is made, and a simulation of its output performances, compared with the experimental results is proposed. In section 4, the power delivered by the transducer is then used to evaluate the performance of an autonomous sensor node based on the recovered energy. An improvement of the size of the collected data is also proposed by optimizing the performance of the micro generator. The used optimization technique is the SSHI technique which is known to increase the electrical output characteristics of the piezoelectric micro generators.The work ends in section 5 with a conclusion in which, few prospects for improving are introduced.
Detected Vibrations in the Test Automobile

Measurement Equipment
ACC103 laboratory accelerometer manufactured by Omega [11] is used to measure vibrations in the automobile. It has 10 mV/g output and can measure vibration up to 500 g. The AC signals were recorded with an oscilloscope of Hantek Electronic (DSO8060). The embedded Fast Fourier Transform (FFT) software was used for data analysis. The measurement setup is shown in Fig. 2 .
Detected Vibration
A Kia Spectra brand automobile which has run about 126,000 km is used. The accelerometer is located on the engine of the automobile. Two series of measurements are made when the engine was running at 2000 rpm.
A plot of mean acceleration versus frequency is given in Fig. 3 . A maximum acceleration is observed on the z-axis. More precisely, it is shown a peak of 
Transducer Modeling and Simulation
Selected Transducer
Several transducers architecture were studied to obtain the best electromechanical coupling. The most common structure is based on the use of a free cantilever beam [12] . This geometry allows a resonator operating at low frequency without using important dimensions. Fig. 4 shows the geometry of the cantilever beam, which consists of three main parts. The cantilever beam is used to amplify the relative displacement of the seismic mass to the displacement amplitude of the vibration source. The seismic mass increases the mechanical stress applied to the piezoelectric material, thus producing a high output power. The piezoelectric layers, which is the active part of the structure, is used to convert mechanical vibrations into electrical energy.
Transducer Modelling
For a cantilever structure, the natural frequency is given by [13, 14] : (1) where L, W, T and E, are length, width, and thickness of the cantilever beam and its elastic modulus respectively. m b is the mass of the beam defined as:
(2) ρ is the density of the used material. Among the commonly used transducers, QuickPack actuator manufactured by Mide Technology [15] are the most popular and have been recently used as a piezoelectric micro-generator for applications in vehicles [1, 9, 16] . In this work, the piezoelectric composite QP20W from MIDE company with dimensions 45.974 mm × 33.02 mm × 0.76 mm is used as a piezoelectric transducer. The other necessary parameter's values of the QP20W QuickPack actuator are given in Table 1 .
The first step in the design is the determination of the seismic mass that achieves optimum performance. (3) , , and electric field r, the elastic compliance to an inertial y a constant on z is given (4) ent mass and nic force of equency, the ased by the (5) on the end of (6) in Fig. 10(b) shows the voltage waveform taken directly from the engine of the automobile. The results indicate an alternating voltage of amplitude of 1.18 V which is quite close to the results obtained by simulation, and with the experimental device. Moreover, these results are quite close to those obtained in works [1, 9] , in which the alternating voltages of the used transducers were 1.5 V and 1.1 V respectively.
A good agreement is also found between simulated and experimentally recovered power (Fig. 11) . A maximum experimental power of 130.8 μW is achieved for optimal load resistance equal to 27 kΩ while a maximum power of 140.3 μW is reached with the simulated results when the load resistance is 25 kΩ.
Assuming that all the recovered power is dedicated to the operation of a wireless sensor for measurements in smarts automobile [21] , an assessment of the autonomous node's performance is proposed in the next section.
Application: Autonomous WSN Based on the Recovered Energy
Automobiles have more and more sensors, whose role is to provide at particular moments information about his condition (temperature, speed, ultrasonic sensors, etc. [9] ). Since the insertion of these microsystems, the function of the battery is no longer just the start. Because it has become equally important to power the various sensors of the automobile. The increasing number of these sensors then results in frequent maintenance operations which can either be recharging or replacing the battery. In this section, the electrical output characteristics of the piezoelectric micro generator are used to evaluate the performance of a sensor node fed by the recovered energy. A model of consumption of a wireless sensor node is first proposed; the model is then used to evaluate the performance of the node powered by the recovered energy.
Wireless Sensor Node Energy Model
The general architecture of a wireless sensor node is shown in Fig. 12 [22] . Each sensor consists of three main units that must be powered by the recovered energy: the sensing unit, the processing unit, and the communication unit.
Energy consumption in the different modules of a sensor node is linked to the activity of the node in the network [23] . The activity of a node depends on the topology of the network. There are three main topologies: star, mesh and cluster head. The star topology is the most appropriate for small coverage areas as would be the case for an automobile [24] .
As shown in Fig. 13 , the star topology network consists of a central node called sink of the network and multiple wireless sensor nodes. In this topology, all sensors nodes send their data directly to the sink. 
Radio Sensor Processor
Battery
Taking into account our previous research [23] , the dissipation sources of energy in a node will be:
• energy for data capture E sens (b), • energy for data recording E rec (b), • energy for data processing E proc (b), • energy for the transmission of the data E tx (b), • energy dissipated during the transition between the different states of the system (standby, active, sleep) E trans . where b is the size of the processed data. These various quantities are defined in [23] as: . . .
. .
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α N is the duty cycle for the sensor node. It is defined in [25] as:
The definitions and values of the various parameters used to estimate the energy requirement of the node are given in Table 2 . All these values are originated from [23, 26] .
Performance Evaluation of the Node Powered by the Recovered Energy
Assuming that all the recovered power (P max ) is dedicated to the operation of the node, the available energy during an operating cycle E avai is defined by: ∑ (9) where i is the time duration of each of the steps performed to measure the physical quantity. The condition for supplying the sensor node by the energy recovered is defined by:
(10) where: (11) Assuming that the sleep time of the node is variable with T s = kT A , the performance of the node as a function of the recovered energy and the type of measured physical quantity are shown in Fig. 14.  k = 6×10 4 takes into account applications where measurements should be made every minute. The curve shows that we would not have enough energy for such applications because the energy recovered remains below the energy needs of the node.  k = 3×10 5 represents the case where the physical phenomenon must be controlled every 5 min. The recovered energy remains insufficient to power the node.  k = 6×10 5 represents the applications in which measurements must be taken every 10 minutes.  k = 9×10 5 studied the case of the applications where measurements must be taken every 15 min; the maximum packet size in this case is 401 bits.
Improving the Performance of the Node by Optimization of the Recovery System
The ability to simulate the electromechanical behavior of the transducer can now be used to quantify any optimization improvements. In the piezoelectric transducers field, most of the researches focus on the proposals of the methods that allow amplifying the voltage and the maximum energy that can be transferred to the load. Most of these techniques are based on non-linear treatments. In this work, we consider the Synchronized Switch Harvesting on Inductor (SSHI) method [27, 28] . The method is based on the switching of an inductor in parallel with the piezoelectric micro-generator like shown in Fig. 15 . Furthermore, most of the previous works on the piezoelectric energy harvester are limited to the minimum performance of such systems when applied to automobiles [1, 9, 23] . The contribution of the SSHI amplification for such micro-generator is then quantified in this work.
The SSHI technique involves the addition of a switching device in parallel with the piezoelectric element. Switching is done at the time for which the displacement of the vibrating structure is maximum, at these times the voltage of the piezoelectric generator is also at its peak. Once the switch is closed, the system consisting of the piezo capacitance and the inductor forms a pseudo-periodic oscillating system. The period is defined by: 2 (12) The closing time of the switches is given as half the pseudo period [28] : (13) The quantification of the simulated performance of the transducer coupled to SSHI module is shown in Fig.  16 .
Simulation results show an amplification of the open circuit voltage of the micro-generator of 1.82 times that obtained with the standard circuit. 18.9% improvement of the recovered energy compared to the standard circuit is also reached. This improvement in the capacities of the micro generator allows the sensor node to reach the performance shown in Fig. 17 .
• for physical phenomena to be controlled every 10 min, data of a size of 31 bits can now be processed.
• for physical phenomena to be controlled every 15 min, data up to 511 bits can be processed; this improves the capabilities of the node by 13.3%.
Conclusion
In this work, a new method for simulating piezoelectric transducers has been proposed. The method avoids the establishment of an equivalent The induced vibrations in the automobile are then used as an alternative source for sensor nodes incorporated in automobiles. The performances of the slave node to the recovered energy are evaluated, and it results that for physical phenomena controlling every 15 min, the node can process data with a size of 451 bits. An optimization of the power delivered by the transducer of 18.9% through SSHI technique allows considering an optimization of the performance of the node of 13.3%.
The simulation method proposed in this work can be used to quantify the maximum recoverable power of any other application when all possible proposed optimizations are taken into account.
